Multiple studies have investigated global DNA methylation profiles and gene-specific DNA methylation in bloodbased DNA to develop powerful screening markers for cancer. This systematic review summarizes the current evidence on methylation studies that investigated methylation level of blood-derived DNA of breast cancer (BC) patients in comparison to healthy controls by conducting a systematic literature review in PubMed and Web of Science. Essential results, such as methylation levels of BC cases and healthy controls, p values, and odds ratios, were extracted from these studies by two investigators independently. Overall, 45 publications met the inclusion criteria for this review. DNA from whole blood, as well as cell-free DNA (cfDNA) from serum or plasma, was used in these studies. The most common method used for measuring global DNA methylation was the investigation of repetitive elements as surrogates and the application of array-based genome-wide methylation analysis. For measuring gene-specific methylation level, methylation-specific PCR and pyrosequencing were the most frequently used methods. Epigenome-wide blood DNA hypomethylation in BC patients were reported in several studies; however, the evidence is still not conclusive. The most frequently investigated gene in whole blood was BRCA1, which was found more frequently methylated in patients compared to controls. RASSF1A was the most widely investigated gene in cfDNA of serum or plasma, which was also found more frequently methylated in patients compared to controls. Several of the eligible studies reported the associations of global hypomethylation and increased BC risk. Studies investigated associations between gene-specific methylation and BC risk, while got heterogeneous results. But two studies reported that hypermethylation of ATM gene was associated with increased BC risk, which suggest the potential use of this gene for BC risk stratification. Overall, our review suggests the possibility of using blood-based DNA methylation marker as promising marker for BC risk stratification, as several studies found associations between certain methylation level in blood and BC risk. However, so far, the evidence is still quite limited. Optimal markers are yet to be developed and promising results needed to be validated in prospective study cohorts and tested in large screening populations.
Background
Breast cancer (BC) is the most common malignancy among women worldwide [1, 2] . The prognosis of this disease mainly depends on its early detection, which currently to a major part relies on mammography. Early detection of this disease can also be facilitated by new diagnostic biomarkers. The current Food and Drug Administration (FDA)-approved blood-based biomarkers for BC, such as CA15-3 and CA27-29, are solely recommended for the monitoring of disease relapse and treatment efficacy, rather than diagnosis [3, 4] . Specific gene mutation tests, such as BRCA1/2 mutation analysis, are currently only used for screening of hereditary BC cases, which constitute only about 5-10% of total BC cases [5, 6] . For women at normal risk of developing BC, many national organizations recommend screening mammography for older women. In the USA, screening mammography is recommended every 2 years for women at age between 50 and 74 [7] . However, the present screening method is criticized for both low sensitivity [8] and disadvantages due to over-diagnosis [9, 10] . Thus, alternative approaches for BC detection or risk stratification are clearly needed.
Both global hypomethylation and silencing of tumor suppressor genes through promoter hypermethylation can come along with tumor development, and both have been recognized as common hallmarks of many cancers [11] . Similar alterations can also be measured in bloodderived DNA, which suggests the possibility of bloodbased DNA methylation markers to serve as new screening markers or markers for risk stratification [12, 13] . To date, a considerable number of studies on DNA methylation in cancer have used DNA obtained from blood (whole blood or white blood cells) or cell-free DNA (cfDNA) isolated from serum or plasma, with the assessment of differences in methylation levels between BC patients and cancer-free healthy controls, to identify methylation markers [14] [15] [16] [17] [18] [19] [20] [21] [22] . A substantial number of studies concluded that BC patients and healthy controls exhibit differential DNA methylation patterns in peripheral blood. However, numerous further studies have reported controversial findings, and clear evidence is still lacking whether DNA methylation changes could serve as biomarker for BC diagnosis or risk stratification.
The aim of this review is to summarize the current evidence on DNA methylation-associated biomarkers for BC risk evaluation or early detection, by performing a comprehensive systematic review of published DNA methylation studies in blood-derived DNA of BC patients in comparison to healthy controls. From each eligible study, we extracted essential information, such as age of study subjects, sample size, applied methylation detection methods, methylation levels of patients and healthy controls, p values for methylation differences, and odds ratios (ORs), in order to gain insights into the currently accumulated evidence regarding the use of DNA methylation markers for potential future screening tests.
Methods

Search strategy
A systematic literature search was performed to identify studies assessing DNA methylation changes in blood as biomarkers for risk or early detection of BC. 
Eligibility criteria
Duplicate articles were removed upon combining the retrieved publications from the two databases. A first round of selection was conducted by reviewing the titles and abstracts. Only full-text reports of original studies were included, thus meeting abstracts, reviews, and editorials were excluded. Articles not focusing on DNA methylation changes in blood in the context of BC detection/diagnosis/risk prediction were excluded, including studies that analyzed (1) DNA methylation markers in tissue samples, (2) DNA methylation as prognostic markers of BC or predictive markers for BC treatment efficacy, and (3) DNA isolated from collected CTC cells.
After the first round examination, we conducted a full-text review for the remaining articles. In addition, studies that did not include healthy female controls, for example, only with benign breast disease patients, were not considered. Studies were also excluded if the information regarding methylation levels of BC cases and healthy controls or ORs were not reported or could not be extracted from published data, for example, studies that solely presented results by heatmaps or reported the methylation levels of a combination of specific loci/ genes. Cross-referencing was used as a possible source for identifying studies related to the present topic.
Data extraction and statistical analysis
Eligible studies were included in the data extraction procedure, which was conducted independently by two investigators (Q. Tang and J. Cheng) with a standardized data extraction form. The following variables were extracted: first author, publication year, study design, age of study subjects, DNA source (whole blood, serum, or plasma), DNA methylation detection method, the type of measured DNA methylation (global or gene/locus specific), and essential results (methylation levels of cases and controls, ORs, p values). Any disagreement was resolved by further review and discussion among the coauthors. In case methylation levels were not explicitly reported, the information was extracted from available tables and figures to the possible extent. If not presented in the articles, p values for methylation differences between BC cases and healthy controls were calculated by Fisher's exact test. Reporting of data follows the PRISMA statements [23] .
Results
Literature overview
The process of the systematic literature search is displayed in Fig. 1a . Briefly, the primary search in PubMed and Web of knowledge identified 945 articles, of which 206 were duplicate articles. After excluding non-eligible articles (see Fig. 1a and Additional file 1: Supplementary materials), 45 articles could be included in this review, including 26 articles used DNA isolated from whole blood [14] [15] [16] [17] [18] [19] [20] [21] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , two articles used DNA isolated from both whole blood and plasma [42, 43] , six articles used DNA isolated from plasma [44] [45] [46] [47] [48] [49] , and 11 articles used DNA isolated from serum [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] (Table 1) . For the studies that used serum or plasma as DNA source, four of them used two centrifugation steps to get serum or plasma [42, 45, 47, 48] and the rest used one centrifugation step or sample processing procedures are not available ( Table 1 ). The included articles were published between 2004 and 2015.
Among all eligible studies, only 11 studies investigated global DNA methylation. This was always done in DNA isolated from whole blood ( Table 1) . The majority of studies measured gene-or locus-specific DNA methylation levels, in DNA isolated either from whole blood or in cfDNA isolated from serum or plasma (Table 1) . To get a better overview of global DNA methylation changes, as well as the differentially methylated genes between BC patients and healthy controls, we summarize these studies separately, as shown in Fig. 1b .
Global DNA methylation in peripheral blood of BC cases and controls Table 2 , a total of 15 studies from 11 literatures evaluated global DNA methylation levels in whole blood by different strategies. These included using mean methylation intensities of all Infinium HumanMethylation450K (450 K) probes (β value) as global DNA methylation levels, measuring the percentage of methylated DNA by luminometric methylation assay (LUMA) and the concentration of 5-methyldeoxycytosine (5-mdC) by liquid chromatography-mass spectrometry (LC-MS) or measuring the methylation of repetitive DNA elements (i.e., LINE-1, Alu, or Sat2) by pyrosequencing or the MethyLight assay as surrogates of global DNA methylation levels. Among them, four nested case-control studies [17] [18] [19] 38] used prospectively collected samples of BC cases and healthy controls, while the remaining studies used samples collected at diagnosis or shortly after diagnosis and healthy controls [17, 26, 27, 29, [31] [32] [33] 36] . Case number of these studies was between relative large (over 100 subjects for each group), except the studies by Kitkumthorn [27] . Cases and controls used in these 14 studies were number-and age-matched.
As shown in
As shown in Table 2 , studies of van Veldhoven and Severi reported epigenome-wide hypomethylation of blood DNA in BC patients compared to controls, even that van Veldhoven et al. [18] observed lower methylation in BC cases in one of their study cohorts, but not in another two study cohorts. Three studies [29, 32, 36] measured the global methylation content by LUMA assay but obtained heterogeneous results. Specifically, Kuchiba et al. [36] observed an increased global blood DNA methylation in BC patients, while Xu et al. [29] reported a decrease and Delgado-Cruzata et al. [32] found no significant methylation differences between BC cases and controls. Choi JY et al. [26] observed significant lower level of 5-mdC in patients compared to controls. Interestingly, nine studies from seven articles [17, 26, 27, 29, 31, 33, 38] evaluated the methylation level of LINE-1 repeats with different detection methods, but almost all of them reported that there were no significant difference in LINE-1 methylation between BC cases and controls (Table 2) . Studies investigating Sat2 and Alu repetitive elements also revealed inconsistent results (Table 2 ). Delgado-Cruzata L et al. [32] observed significant higher [3H]-methyl acceptance (lower DNA methylation) in patients than in controls. Overall, the evidence of global DNA hypo-or hypermethylation in blood DNA of BC cases is so far limited and not conclusive. As shown in Table 2 , less than half of these studies reported significant global hypomethylation in blood DNA of BC patients (Table 2 ) and the overall methylation difference between BC cases and controls are relative small (effect size varied from 0.013 to 0.25). This could be due to the complicated epigenetic background of DNA isolated from whole blood as well as the still high variability of quantitative DNA methylation detection methods. In addition, the eligibility of LINE-1 as surrogate for global DNA methylation level might be limited, as nine studies observed no significant difference of LINE-1 methylation between cases and controls.
Some studies also investigated the associations between blood DNA methylation levels and BC risk by quantile analysis, comparing the risk of women in the highest quantile and that of women in the lowest quantile (Fig. 2a ) or vice versa (Fig. 2b ). As shown in Fig. 2a , Delgado-Cruzata and coauthors concluded that there was no significant association between global DNA methylation levels detected by LUMA assay and [3H]-methyl acceptance assay and BC risk [32] . Wu HC et al. [31] and DeRoo LA et al. [38] evaluated possible associations between the methylation level of repetitive elements (LINE-1, Alu, or Sat2) of blood DNA and BC risk, but also with inconsistent results. Choi et al. used the amounts of 5-mdC as surrogates for global DNA methylation in blood and reported that women representing the lowest 5-mdC quantile had a higher risk of BC (2.81, 95% CI 1.65-4.94), compared with women of the highest quantile [26] . As shown in Fig. 2b , Xu et al. [29] and Kuchiba et al. [36] revealed a positive association between LUMA methylation level and BC risk. Three large prospective studies were reported in two articles. Here, the global DNA methylation was investigated by 450K methylation arrays. Mean β values across the whole genome were calculated and used as global DNA methylation level [18, 19] . For women in the highest quantile compared to women in the lowest methylation quantile, the ORs (95% CI) were 0.34 (0.18-0.66) (EPIC cohort) and 0.99 (0.56-1.76) (NOWAC cohort) in the study of van Veldhoven et al. [18] , and the ORs were 0.42 (0.20-0.90) in the study of Severi and coauthors [19] . This suggests that hypomethylation in whole blood might be associated with an increased risk of BC, even the abovementioned results are inconclusive.
Overall, the association between global DNA methylation and BC risk is still unclear, as both positive association and negative association were reported.
Gene-specific methylation in whole blood DNA of BC cases and controls Table 3 and Additional file 1: Table S1 list all the studies that examined the methylation levels of specific gene loci in whole blood DNA of BC cases and healthy controls. All of these studies were case-control studies. The number of cases varied from only seven to 1021. The most The mean DNA methylation level of BC cases and controls is not available; the study only reported the results of the quartile analysis frequently used methods for detection of gene-specific methylation levels were MethyLight and pyrosequencing. BRCA1 was investigated in seven studies and thus the most frequently investigated gene [16, 20, 24, 27, 30, 37, 39] . Importantly, all these studies reported a rather higher frequency of methylated BRCA1 in BC cases than in healthy controls, although the differences were only statistically significant in four studies [16, 20, 24, 37] . ATM was investigated in two studies [15, 17] , and both of them observed hypermethylation of ATM in BC patients. Methylation levels of IGF2 [25, 41] , CDH1 [39, 42] , SYK [14, 42] , RARB [27, 39] , APC [27, 42] , and RASSF1A [27, 42] were found similar between BC patients and controls in two or more studies. Methylation of ESR [14, 42] and TIMP3 [14, 42] were also determined in more than one study, while the methylation differences of these genes between blood DNA of BC cases and controls were not conclusive. Other genes investigated in only one study were summarized in Additional file 1: Table S1 . Figure 3 shows the associations of gene-specific methylation in blood and BC risk. Yang et al. [21] showed that reduced methylation levels of the HYAL2 gene were significantly associated with increased BC risk. Specifically, women in the highest quartile of HYAL2 methylation were reported to have a 41.47-fold (cohort I) and a 132.98-fold (cohort II) increased BC risk, compared with women in the lowest quartile (Fig. 3a) . Hypermethylation of ATM and increased BC risk were observed in two studies [15, 17] . Here, the lowest methylation quantile was used as reference (Fig. 3b) . Hoffman et al. observed a negative association between CLOCK methylation and BC risk [28] (Fig. 3b) . Widschwendter et al. investigated methylation of a few genes in a case-control study (n = 1083) and found that decreased DNA methylation in NUP155 (I), ZNF217 (II), PTGS2, TITF1, NEUROD1, and SFRP1 are associated with increased BC risk [14] (Fig. 3c) . Hypermethylation of BRCA1 promoter was associated with increased BC risk, which was confirmed in two independent studies [16, 37] (Fig. 3c) .
Gene-specific methylation in cfDNA from serum or plasma of BC cases and controls Table 4 summarizes all studies that investigated methylation differences of specific genes in serum or plasma DNA of BC cases and healthy controls. Studies conducted by Yazici et al. [46] and Brooks et al. [56] were nested case-control studies and the remaining studies were all case-control studies. Generally, the sample sizes were rather low. Case number varied from 4 to 250. All eligible studies using serum or plasma DNA investigated DNA methylation levels at specific loci, rather than global DNA methylation levels. Further, so far no epigenome-wide study has been performed on cfDNA. This can be explained by the technical difficulties due to the specific characteristics, such as strongly fragmented DNA and reduced DNA integrity especially in cancer cases [61] ), and limited amounts of cfDNA that can be isolated from serum or plasma [62] [63] [64] , and also to uncertainties regarding its origins [65] . The most common method used to measure the methylation levels of specific genes in serum or plasma cfDNA was methylation-specific PCR (MSP) ( Table 4 and Additional file 1: Table S2 ).
Most of these studies investigated tumor suppressor genes and frequently reported the hypermethylation of these genes in BC patients (Table 4 and Additional file 1:  Table S2 ). With ten studies, RASSF1A was the most frequently evaluated gene and eight of them reported higher frequency of methylated RASSF1A in BC patients compared to controls [42, 44-46, 50, 52, 55-58] . APC has been investigated in seven studies [42, 44, 47, 50, 52, 56, 59 ]. Among them, five studies reported higher frequency of methylated APC in plasma/serum DNA of BC patients. Higher frequency of methylated RARB (also known as RARβ2) was observed in four studies [44, 56, 57, 59] . Methylation levels of ESR1 [42, 51, 52, 54] , GSTP1 [44, 47, 56] , and TIMP3 [42, 47] were each investigated in two or more studies, but each gene yielded with inconclusive results. Hypermethylation of SFN (also known as stratifin or 14-3-3-σ) [51, 54] , BRCA1 [47, 60] , CST6 [47, 49] , and DAPK [49, 50] were confirmed in two independent studies, respectively (Table 4 ). Brooks J.D. et al. [56] reported no significant differences in the methylation of all four genes (RASSF1A, GSTP1, APC, and RARB) investigated between BC cases and controls. It is worth to point out that the DNA amounts used in this study were Nested case-control study; the others are case-control study about five times less than the amount hypothetically required to achieve optimal sensitivity and non-specific amplification might occur due to a high number of PCR cycles (i.e., quantitative MSP (QMSP) was run for 50 cycles), as the authors discussed in the article. The authors observed lower frequency of methylation than expected among cases and higher than expected among controls in this study as compared to other studies (review in [66] ), which might be the reasons for the negative results. Other genes, which were investigated in only one study, were summarized in Additional file 1: Table S2 .
Discussion
Our literature review identified 45 articles investigating blood-based DNA methylation markers for BC detection or risk evaluation, with DNA isolated from whole blood or from serum or plasma. In this systematic review, we summarized the differences in epigenome-wide DNA methylation levels or gene-specific methylation that were between BC patients and healthy females in all these studies. In particular, several large nested or respective case-control studies were conducted in recent years. This could be partly attributed to the novel emerging techniques, such as Infinium Humanmethylation 27K or 450K array or whole genome bisulfite sequencing (WGBS), which are effective ways to screen for and identify large numbers of methylation markers. Even though whole blood DNA presents a mixture of leucocytes subtypes, DNA methylation from whole blood samples seems to be promising reservoir for informative biomarkers for BC risk stratification. Two nested case-control studies have concluded that such genomic hypomethylation continuum can be evident at blood DNA level and may identify high-risk women before developing BC [18, 19] . Some retrospective casecontrol studies also reported that cancer patients have lower global methylation levels in blood DNA compared to controls ( Table 2) . As blood DNA can be assessed easily, its epigenetic effects on cancer propensity could be repeatedly examined in specified time intervals.
Repetitive DNA sequences (e.g., LINE-1, Alu, and Sat2) are all comparatively rich in CpG dinucleotides and contain a large portion of total methylcytosine levels in the genome [67, 68] . In this regard, some researchers suggested that repetitive elements in blood DNA might be surrogate for genomic hypomethylation. Studies of BC, however, have yielded heterogeneous results ( Table 2) . Choi et al. [26] found decreased methylation of 5-mdC in blood DNA of women with BC compared to controls; meanwhile, Wu HC et al. [31] and Cho et al. [27] found decreased methylation of Sat2 in BC patients. Xu et al. [29] , however, found increased global methylation among cases using the luminometric methylation assay. In the study of Choi et al., LINE-1 methylation and %5-mdC were not correlated, and only hypomethylation quantified as %5-mdC level was significantly associated with BC risk [26] . The inconsistencies between results in BC patients and normal females probably arise from different detection targets, using different techniques and/or from differential distributions of clinical characteristics.
In the implementation and interpretation of studies based on blood samples, a potential limitation deserving particular attention is that differences in methylation profiles might also reflect differences in the proportions of the leukocyte subpopulations that make up the whole blood [69, 70] . Hence, the majority of EWASs adjusted their analysis for leucocyte distribution with the algorithm of Houseman et al. [69] . Nevertheless, even if BC-related methylation patterns were partly due to confounding by leucocyte distribution, they might still be useful as biomarkers of BC.
Circulating cfDNA is defined as extracellular DNA occurring in blood. Both plasma and serum are cell-free blood specimens that were used for the determination of cfDNA. Silencing of tumor suppressor genes by promoter hypermethylation is known to be a frequent and early event in carcinogenesis [11] . Further, changes in methylation patterns observed in tumors are also detectable in cfDNA of women with BC and showed good concordance [50, [71] [72] [73] [74] . This makes the possibility of using these alterations candidate markers for early tumor detection. Among all the identified studies in our review, the largest number of studies was found for BRCA1 and RASSF1A, for which higher frequencies of methylated BRCA1 and RASSF1A in BC patients than in healthy females were reported rather consistently. Other tumor suppressor genes, such as APC, RARB, GSTP1, DAPK, and SFN were also found more frequently methylated in BC cases than in controls. Methylation-specific PCR was the most frequently employed method in the studies evaluating the methylation of specific genes in whole blood and plasma/serum.
Circulating cfDNA, presumably shed from the original primary tumor, can be retrieved and tested for genetic and epigenetic alterations. However, so far, little is known about the relationship between detection of epigenetic abnormalities in primary BC tissue and detection of such abnormalities in plasma or serum. In addition, the amount of cfDNA is around 5-20 ng/ml in the circulation of a normal individual [62, 75] , which strongly depends on the accurate sample processing [61] . This could be the main obstacle in finding tumor-specific differences in sera/ plasma and the main reason of the lack of sensitivity of the epigenetic biomarkers studied [42] . cfDNA may be released to the circulation via passive release as a result of cellular apoptosis and necrosis and/or active secretion from live cells. The cfDNA can comprise long fragments or shorter fragments ranging from around 20 to 20 kb, depending on their mechanism of release into the circulation [63, 64] . It has been shown by experiments on fetal DNA in the maternal circulation that the half-life of free DNA in blood is only around 16 min [76] . The limited amount, intrinsic characteristics, and short half-life of cell-free DNA could partly explain that for the markers evaluated in more than one study, the methylation differences between cases and controls are not consistent and sometimes varied greatly across studies. The discrepancy probably could also arise from diverse study design, use of different sources of DNA, and/or from differential distributions of clinical characteristics.
Changes in DNA methylation profiles, both at overall genomic level and specific loci, have been associated with BC risk (Fig. 2 and Fig. 3) . Among all the studies included in the present review, in total, eight studies measured overall WBC global DNA methylation and BC risk (Fig. 2) . Four of these studies [18, 19, 26, 38] have found a significant elevated risk for BC between those in the lowest quantile of global DNA methylation compared to those in the highest methylation quantile. However, Kuchiba A et al. [36] and Xu X et al. [29] found a positive association between LUMA methylation and increased BC risk. The few studies investigating the gene-specific methylation in blood DNA also supported the potential for gene-specific methylation as biomarkers for risk (Fig. 3) . However, research in this field is still at an early stage. So far, the number of studies that conducted epigenome-wide studies to detect BC associated genes is very limited. More evidence, including both genome-wide hypomethylation level and gene-specific hypo-and hypermethylation and BC risk, is still needed to collect.
BC is a highly heterogeneous disease. Many of the established risk factors are linked to the development of the disease. The highest risk factor for sporadic BC is increasing age. The incidence of BC in women doubles for every 10 years until menopause with a relative risk of >10-fold [77] . Because promoter hypermethylation may be related to age, studies investigating a potential diagnostic utility for methylated genes should have a reasonable number of age-matched controls. While some authors chose an age-matched control group, others did not and the age difference between cases and controls was often rather large. For example, Zmetakova I et al. [42] compared BC patients with age range between 41 and 90 years with healthy blood donors of considerably younger age (range 20-78). The control group of the study conducted by Ito Y et al. [25] even had an average of 43.2, which is almost 10 years younger than the mean age of BC patients (52.6) they included. Thus, the observed methylation differences and associations between methylation changes and BC risk might be confounded by age.
To our knowledge, this is the first review to systematically and comprehensively review and summarize results of epidemiological studies on the association of DNA methylation in blood with BC. In the interpretation of this review, some limitations have to be considered. Although two widely used databases were searched and crossreferencing of identified articles was applied, we cannot exclude having missed relevant studies. Furthermore, studies were reported in a rather heterogeneous manner, which limited possibilities of a standardized summary of the results. Because of the heterogeneous nature of the included studies and the fact that quite a few markers were evaluated in single studies only, we did not conduct metaanalyses and our tables only provide a narrative summary of the reported methylation differences.
Conclusions
Our review suggests the possibility of using blood-based methylation markers for risk stratification or the early detection of BC, as a number of studies support an association between methylation changes in blood and BC risk, irrespective of full understanding of the pathophysiological mechanisms. However, the evidence is still very limited. Optimized marker panels are yet to be developed and promising candidate markers needed to be validated in prospective study cohorts and tested in large screening populations by high quality studies. In addition, there is a strong need for large, methodologically rigorous epidemiological studies to figure out the potential role of methylation changes in blood in breast carcinogenesis and their implications for detection. Especially, the investigation of methylation changes in cfDNA holds great promises. Here, optimization of methods for genome-wide methylation analysis of small amounts of DNA is needed.
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